Abstract. Springback is a common phenomenon in sheet metal forming since the elastic recovery of the internal stresses is induced after removal of the tooling. The numerical analysis of springback is a complicated time-consuming job and its result is greatly effected by a type of the yield function, finite elements used and the constraint condition for eliminating a rigid body motion. In this paper, optimization of the draw-bead force is carried out utilizing the response surface method in order to reduce springback and improve shape accuracy of a deep drawn product. In the optimization process, the tendency of springback is evaluated qualitatively without springback simulation usually done with the implicit solving scheme. Instead of springback simulation, the amount of stress deviation along the thickness direction in the deep drawn product is used as an indicator of springback. The stamping process is analyzed for a front side member formed with advanced high strength steel (AHSS) sheets such as DP60. The analysis procedure fully covers the binderwrap, stamping, trimming and springback processes with the commercial elasto-plastic finite element code LS-DYNA 3D. The effect of the restraining force of draw-beads is confirmed with the decreased stress deviation. The analysis result shown in the final springback simulation demonstrates that the present analysis provides a guideline for controlling the evolution of springback based on the finite element simulation of complicated auto-body members.
INTRODUCTION
Advanced high strength steels (AHSS) such as TRIP and DP gain acceptance recently in the automotive industry because their superior strength to weight ratio can lead to improved fuel efficiency and crashworthiness assessment of vehicles. The major troubles of the automotive structural members stamped with high strength steel sheets are the tendency of the large amount of springback due to the high yield strength and the tensile strength. Springback is a common phenomenon in sheet metal forming since the elastic recovery of the internal stresses is induced after removal of the tools. The amount of springback is mainly influenced by a type of the yield function and anisotropic model induced by rolling, tooling geometry, and friction [1] [2] . The discrepancy of shapes between a deep drawn product and a designated one due to springback must be compensated at the tool design stage in order to guarantee its function and assembly with other parts. It is, however, so difficult to predict and estimate a compensation amount for springback that the compensation amount relies on expert engineer's experience and trial and error procedure. The compensation procedure requires extra try-out time increasing the cost of the development. Recently, the numerical analysis is introduced to predict the amount of springback and to improve the shape accuracy prior to tryout stage of press working.
Springback is a consequence of the unbalanced stress through the thickness of a sheet undergoing bending. Its reduction is an important issue in the sheet metal forming industry. Many researchers have studied the influence of the process parameters on the springback in order to compensate the springback and improve the shape accuracy of a deep drawn product. Experimental and numerical studies [3] [4] have shown that springback is dependent on several parameters including material behavior, die shape, friction and stamping parameters. Gan and Wagoner [5] suggested die design scheme with displacement adjustment method for compensating springback. Chou and Hung [6] performed the optimization of the die gap and punch radius with response surface method in channel wall bending. Liu et al. [7] adopted the variable blank holding force to reduce the springback and Kim and Huh [8] optimized the blank holding force with a direct differential method in U-draw bending problem. Altan et al. [9] determined the optimum blank dimension with sensitivity analysis to compensate spring back in the flexible forming process. In most of those researches, the amount of springback obtained from the additional springback analysis is considered as the objective function for optimization. However, the numerical analysis of springback is greatly effected by a type of the yield function, shell element used, contact parameters etc. Moreover, springback analysis of complicated auto-body panels is a complicated timeconsuming job due to its convergent problem in an implicit solving scheme.
In this paper, optimization of the draw-bead force is performed with the response surface method in order to reduce springback in an outer panel of front side member. In the optimization procedure, the tendency of springback is evaluated qualitatively without spring back simulation. Instead of performing springback simulation, the amount of stress deviation along the thickness direction is directly obtained from the finite element stamping analysis and utilized as an indicator of springback. The stamping process is analyzed for the outer panel formed with advanced high strength steel (AHSS) sheet such as DP60. The analysis procedure fully covers the binder-wrap, stamping and trimming processes. After the optimization, the effect of the optimum restraining force of draw-bead is confirmed with the decreased stress deviation along the thickness direction. The analysis result shown in the final springback simulation with the optimum draw-bead forces demonstrate that the present analysis provides a guideline for controlling the evolution of springback based on the finite element simulation of complicated auto-body members.
OPTIMIZATION OF THE BEAD FORCE WITH A RESPONSE SURFACE METHOD
The stress deviation along the thickness direction is selected as an objective function for optimization. A response surface method is utilized to calculate the minimization of the objective function. At each design point, finite element stamping simulation of the outer panel is carried out and construction of the response surface of the objective function is followed to minimize the error between the response surface and design points. A commercial explicit finite element code, LS-DYNA 3D [10] , is employed in stamping simulation. Construction of the response surface of the objective function for optimization is carried out with the help of HyperStudy [11] .
Optimization Procedure
The optimum design procedure with respect to a design variable p can be defined by minimization of an objective function as follows:
where p is a design variable such as the draw-bead force.
are the objective function and constraint conditions, resp ㅁ ectively. For the purpose of reducing springback, the amount of stress deviation along the thickness direction which is directly obtained from the finite element simulation is utilized as the objective function rather than calculating the amount of springback. Constraint conditions are assigned so that the principal strains should be located under the forming limit and thickness reduction should be less than 20 % for preventing the fracture in a blank. The objective function and constraint conditions are as follows:
where 11 σ is the longitudinal stress component according to local element coordinates, 11 σ is a desired value of stress component, 1 ε is major principal strain and C 1 ε is a limit strain on the forming limit diagram respectively. The desired value, 11 σ , expressed in equation (3) represents the averaged value of 11 σ at the integration points along the thickness direction.
The response surface method is a methodology to construct global approximation of the system behavior based on results calculated at various points in the optimization problem [12] . It is widely utilized because the constructed response surface contains only the polynomial terms so that the global maximum and minimum points are easily obtained. 
where L is the number of basis functions, and i Ψ are the basis functions that constitute model. The constants, 
A choice of the basis functions, i Ψ , influences the accuracy of approximation. Quadratic basis functions are used to construct the objective function of longitudinal stress deviation and constraint condition of the principal strain. Procedure for the optimization of the draw-bead force can be summarized as shown in Fig. 2 . First, the geometry and state variables such as deviation of the longitudinal stress for given process parameters and design variables such as the draw-bead forces are determined by the finite element analysis. Secondly, the objective function and constraint conditions are calculated from these results. Finally, the optimum draw-bead forces are sought by the response surface method when the change of the objective function becomes sufficiently small. 
Optimization of the Draw-bead Force
The optimization of the draw-bead force for reducing springback was carried out with the help of a commercial finite element code, LS-DYNA, and an optimization program, HyperStudy. Figure 3 shows the tooling system for the analysis of an outer panel. The material of the blank used is the DP 60 whose flow stress is express as MPa. The initial sheet thickness is 2.5 mm. The blank holding force of 75 ton is imposed on the binder. The coulomb friction coefficient is 0.15 between the sheet and tools. In the explicit simulation, the step size for the analysis is determined from the elastic modulus, the density and the mesh size of the blank. A mass scaling scheme is used to increase the density of the blank to ten times of the original density, which increases the time step size about 3.3 times. The mass scaling scheme satisfies the static condition and produces no problem of the excessive kinetic energy during the simulation. The punch speed is fixed to 2 m/s. The stamping analysis is carried out until the blank is fully drawn from the binder and then trimming analysis is performed.
The restraining force of draw-beads is used as the design variable for springback reduction. Total of eight design variables are selected considering the shape change of the outer panel in front side member. The location of each design variable is expressed in Fig. 4 with curved lines on the blank holder. According to the location of design variables, design regions are divided into four and it is assumed that, in each design region, only two corresponding variables are mainly effected and co-relation of another design variable is relatively small. For the construction of the initial approximated response surface, finite element simulations are carried out as the initial guesses when the constant bead force such as 500 N/mm is imposed. Factorial design techniques are utilized in the selection of design points. Linear basis functions are used for global searching of optimum points while quadratic functions are used for local searching.
During the optimization process, the variation of the objective function, constraints and design variables is depicted in Fig. 5 . As the step goes on, the drawbead force is increased initially and has a steady value not to violate the constraint condition. The optimum values are determined when the change of the objective function becomes sufficiently small. The optimum values are shown in Table 1 . The stamping and trimming analysis of the outer panel in front side member is performed with those optimum values. Distribution of the thickness and the principal strains are shown in Fig. 6 . The distribution of the principal strains on the forming limit diagram indicates that the constraint conditions are satisfied and the fracture is not occurred in the forming analysis with the optimum bead forces. The stress deviation through the thickness is examined along the designate section in order to investigate the effect of the optimum bead force. After minimization of the objective function, the deviation of the longitudinal stress through the thickness is changed from the initial state to the optimum state as shown in Fig. 7 . It is because the blank is adequately tensioned due to the restraining force of draw-bead so that the stress deviation is drastically decreased along the designate section.
VERIFICATION WITH THE SPRINGBACK ANALYSIS
In the previous optimization, the tendency of spring back was evaluated qualitatively without springback simulation. Instead of performing springback simulation, the amount of stress deviation along the thickness direction is used as an indicator of springback. In order to demonstrate the validity of the optimization procedure and selection of the objective function, springback analysis is carried out with LS-DYNA 3D implicit solving scheme. Hughes-Liu shell element is used and total of five integration points through the thickness were selected for precise consideration of stress deviation. In an implicit solving scheme, total number of element is directly effected to the calculation time. Mesh coarsening scheme is utilized so that initially 57251 elements are decreased to 35425 as shown in Fig. 8 . All static simulations, including the springback analysis, require that the rigid body motions be eliminated by defining constrains. The constraints are imposed at three nodal points shown in Fig. 9 considering the assembly with another part.
With the results of the draw-bead force obtained from each optimization step, the springback analysis is performed and deformed shapes are compared in Fig.  10 . The figure shows that springback is getting on the decrease as optimization step goes on and when the optimum bead force is applied, deformed shape after springback is close coincidence with its original shape. Especially, the tendency of springback reduction is distinctly detected along the longitudinal direction. It is consequence from the minimization of the unbalanced stress through the thickness as shown in Fig. 7 .
The result shown in the springback simulation demonstrates that the present analysis is appropriate and efficient for controlling the evolution of springback and it provides a guideline to improve the shape accuracy in the design stage of the complicated parts in auto-body members. 
CONCLUSION
This paper is concerned with optimization of the draw-bead force for reducing springback in an outer panel of front side member. The objective function is assigned as the amount of stress deviation along the thickness direction which is directly obtained from the finite element stamping simulation, instead of spring back angle. The principal strains should be located under the forming limit as the constraint condition in order to prevent the fracture in a blank. A response surface method is utilized in the optimization process. After the optimization, the effect of the restraining force of draw-beads is confirmed with the decreased stress deviation along the thickness direction. Springback analysis is carried out with the obtained optimal restraining force of draw-beads. The results shown in springback simulation fully demonstrate that the present analysis provides a guideline for controlling the evolution of springback based on the finite element simulation of complicated auto-body members.
